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Spermatogonial stem cells divide throughout life, maintaining their own population and giving rise to
differentiated gametes. The unstable regulatory protein Geminin is thought to be one of the factors that
determine whether stem cells continue to divide or terminally differentiate. Geminin regulates the
extent of DNA replication and is thought to maintain cells in an undifferentiated state by inhibiting
various transcription factors and chromatin remodeling proteins. To examine how Geminin might
regulate spermatogenesis, we developed two conditional mouse models in which the Geminin gene
(Gmnn) is deleted from either spermatogonia or meiotic spermatocytes. Deleting Geminin from
spermatogonia causes complete sterility in male mice. Gmnn(-/-) spermatogonia disappear during
the initial wave of mitotic proliferation that occurs during the ﬁrst week of life. Gmnn(-/-)
spermatogonia exhibit more double-stranded DNA breaks than control cells, consistent with a defect
in DNA replication. They maintain expression of genes associated with the undifferentiated state and do
not prematurely express genes characteristic of more differentiated spermatogonia. In contrast,
deleting Geminin from spermatocytes does not disrupt meiosis or the differentiation of spermatids
into mature sperm. In females, Geminin is not required for meiosis, oocyte differentiation, or fertility
after the embryonic period of mitotic proliferation has ceased. We conclude that Geminin is absolutely
required for mitotic proliferation of spermatogonia but does not regulate their differentiation. Our
results suggest that Geminin maintains replication ﬁdelity during the mitotic phase of spermatogen-
esis, ensuring the precise duplication of genetic information for transmission to the next generation.
& 2012 Elsevier Inc. All rights reserved.Introduction
A unique feature of stem cells is that they produce daughter
cells that have two distinct fates: they can either replenish the
stem cell population (self-renew) or mature into differentiated
somatic cells. A proper balance between differentiation and self-
renewal is vitally important because a defect in either could result
in tissue degeneration (Sharpless and DePinho, 2004). The
mechanisms that maintain this balance are poorly understood.
Spermatogenesis is an invaluable model system to study stem
cell biology because germ cells at all stages of differentiation can be
distinguished microscopically (Russell, 1990) and even the most
severe defects will not cause death of the animal. Spermatogonial
stem cells (SSCs) give rise to all male germ cells and are deﬁned by
their ability to restore spermatogenesis when transplanted into an
irradiated animal (Brinster and Avarbock, 1994; Brinster and
Zimmermann, 1994). SSCs are rare in the adult testis, comprising
only 0.03% of the total germ cell population (Oatley et al., 2006).
Although SSCs are unipotent during normal development, producingll rights reserved.
. McGarry).only mature sperm, they have the capacity to produce somatic cells
of all three germ layers when cultured in vitro (Conrad et al., 2008;
Guan et al., 2006). This indicates that the mechanisms that control
the differentiation and proliferation of SSCs are likely to be applic-
able to other types of stem cells.
Spermatogenesis is organized into three phases: the prolifera-
tive phase, the meiotic phase and the spermiogenic phase. During
the proliferative phase, spermatogonia undergo 8–9 mitotic divi-
sions and give rise to primary spermatocytes (de Rooij and
Russell, 2000). During the meiotic phase, primary spermatocytes
undergo two meiotic divisions to produce four haploid round
spermatids (Russell, 1990). During the spermiogenic phase, round
spermatids do not divide further but undergo complex morpho-
logical changes that transform them into elongated spermatids
(Russell et al., 1990). Spermatogenesis is organized topographi-
cally within the epithelium of the seminiferous tubules. The most
immature spermatogonia reside along the basement membrane,
and as the cells differentiate they move towards the lumen
(Oatley and Brinster, 2008). The elongated spermatids are shed
into the lumen and mature into spermatozoa in the epididymis.
The unstable regulatory protein Geminin is thought to be one
of the factors that determine whether stem cells continue
to proliferate or terminally differentiate (Luo and Kessel, 2004;
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cell cycle, ensuring that DNA replication initiates only once during
each S phase (McGarry and Kirschner, 1998). Geminin inhibits
formation of the pre-replication complex (pre-RC), a collection of
essential replication factors that assembles at the replication
origins in a step-wise manner (Blow and Dutta, 2005). Geminin
binds to and inhibits the essential replication factor Cdt1, which is
required for loading of the replication helicase. The abundance of
Geminin is cell cycle-regulated. The concentration is low during
G1 phase, when the pre-RC assembles. Geminin accumulates
during S and G2 phase and prevents a second round of pre-RC
loading during this period (McGarry and Kirschner, 1998). At the
metaphase/anaphase transition Geminin is degraded by ubiquitin
dependent proteolysis, which allows pre-RC formation in the
following cell cycle (McGarry and Kirschner, 1998). Geminin is
ubiquitylated by a multi-subunit E3 ligase called the Anaphase
Promoting Complex (APC), which is active throughout G1 phase
(Brandeis and Hunt, 1996).
In addition to its role in DNA replication, Geminin has been
proposed to regulate cell differentiation by binding and inhibiting
several different types of transcription factors and chromatin
remodeling proteins. These include members of the Homeobox
(Hox) family, the retinal development protein Six3, the SWI/SNF
ATPase Brg1, and the Polycomb group protein Scmh1 (Del Bene,
Tessmar-Raible et al. 2004; Luo, Yang et al. 2004; Seo et al., 2005).
Scmh1 and Brg1 are known to be important for successful
completion of meiosis (Kim et al., 2012; Takada et al., 2007).
Hox factors and Six3 compete with Cdt1 for Geminin binding,
suggesting that Geminin may act as a switch to coordinate the
transition from proliferation to differentiation.
Despite many compelling observations, it has been difﬁcult to
rigorously demonstrate that Geminin has a physiological function
in regulating either DNA replication or cell differentiation in
intact organisms. Because over-replication would have such
disastrous consequences, cells have developed several redundant
mechanisms to ensure that it virtually never occurs. In vertebrate
cells, for example, Cdt1 itself is degraded by ubiquitin dependent
proteolysis immediately after replication origins ﬁre (Kim and
Kipreos, 2007). Because of these redundant mechanisms, cells
that are depleted of Geminin do not always develop replication
abnormalities. Similarly, changes in cell differentiation patterns
caused by over-expressing or knocking down Geminin in vivo are
usually modest, and it can be difﬁcult to exclude the possibility
that they are secondary to a primary replication abnormality.
We chose to explore the role of Geminin in spermatogenesis
because each type of cell in the maturation sequence can be
identiﬁed microscopically, allowing us to distinguish cell cycle
defects from changes in the pattern of differentiation. We pursued
a genetic approach because there are no cell culture systems that
reliably reproduce all stages of spermatogenesis. We deleted
Geminin from either spermatogonia or spermatocytes by crossing
mice carrying a loxP-ﬂanked Geminin allele to mice that expressed
Cre-recombinase under the control of cell type-speciﬁc promoters.
We found that Geminin is required for maintenance of spermato-
gonia and for male fertility. In contrast, we ﬁnd that Geminin is
not essential for meiosis and spermatid differentiation.Materials and methods
Animals
All animal work was performed according to a protocol approved
by the Northwestern Animal Care and Use Committee (#2009-
1739). Construction of the loxP-ﬂanked Geminin allele (Gmnnﬂ) was
described previously (Shinnick et al., 2010). Vasa-Cre mice werekindly provided by Dr. Diego Castrillon (UT Southwestern). Vasa-Cre/
Gmnnﬂ/þ males were mated to Gmnnﬂ/ﬂ females to produce experi-
mental Vasa-Cre/Gmnnﬂ/ﬂ animals and control littermates. Unless
otherwise indicated controls were Vasa-Cre/Gmnnﬂ/þ , Gmnnﬂ/ﬂ or
Gmnnﬂ/þ littermates. These three genotypes were phenotypically
indistinguishable (not shown). We found that Vasa-Creþ mothers
never produced Vasa-Cre/Gmnnﬂ/ﬂ pups (Supplementary Table S1),
presumably because leaky expression of Vasa-Cre in the early
embryo deletes the Geminin gene and causes lethality (Gallardo
et al., 2007; Gonzalez et al., 2006). Rosa26R-LacZmice and HspA2-Cre
mice were purchased from the Jackson Laboratory (strains 3474 and
8870, respectively). HspA2-Cre/Gmnnﬂ/þ males were mated to
Gmnnﬂ/ﬂ females to produce experimental HspA2-Cre/Gmnnﬂ/ﬂ ani-
mals and control HspA2-Cre/Gmnnﬂ/þ littermates. Mice were main-
tained on a mixed genetic background. Genotypes were determined
by PCR of tail DNA as previously described (Shinnick et al., 2010).
Sperm Counts
Epididymides from adult male mice were minced and incu-
bated in Modiﬁed Sperm Washing Medium (Irvine Scientiﬁc) for
20–30 min at 37 1C. Liberated sperm were diluted 1:10 in Mod-
iﬁed Sperm Washing Medium, permeabilized with 0.4 mg/ml
lysolecithin (Sigma) and stained with1 mg/ml 4,6-diamidino-2-
phenylindole (DAPI). Sperm were counted by ﬂow cytometry.
Crude cell counts were converted to concentrations by adding a
known number of AccuCount particles (Spherotech) to the
suspension.
Antibodies
Anti-GCNA1 antibodies were kindly provided by Dr. George
Enders and used as described (Enders and May, 1994). Rabbit
antibody to Serine139-phosphorylated Histone 2A.X (pS139-H2A.X)
was obtained from Cell Signaling (#2577) and used at a dilution
of 1:500. Mouse monoclonal anti-Gata4 antibody was obtained
from Santa Cruz Biotechnology (clone G4, sc-25310) and used at
concentration of 4 mg/ml. Goat antibodies to Serine10-phospohry-
lated histone H3 were obtained from Cell Signaling (#9701) and
used at a dilution of 1:100. Mouse monoclonal antibody to Sycp3
was obtained from Abcam (#97672) and used at a dilution of
1:100. Rabbit antibodies raised against mouse Geminin were
described previously (Shinnick et al., 2010) and used at a
concentration of 1 mg/ml for immunoblots, 0.6 mg/ml for immu-
noﬂuorescent staining, and 30 mg/ml for peroxidase staining.
Rabbit antibodies raised against Xenopus Geminin were described
previously (McGarry and Kirschner, 1998) and used at a concen-
tration of 1 mg/ml for immunoblots and 3 mg/ml for immunohis-
tochemistry. Biotinylated goat anti-rat IgM (#112-065-120) and
Cy3-conjugated goat anti-rabbit IgG (#111-165-144) were
obtained from Jackson Immuno Research and used at concentra-
tions of 3.2 mg/ml and 0.75 mg/ml respectively. Biotinylated goat
anti-rabbit IgG was obtained from Vector Laboratories (#BA 1000)
and used at a concentration of 7.5 mg/ml. All antibodies were
diluted with Dulbecco’s modiﬁed phosphate buffered saline (PBS)
without calcium or magnesium.
Immunohistochemistry
Adult testes were ﬁxed in Bouin’s ﬁxative (Sigma) overnight at
4 1C. Neonatal testes were ﬁxed in Bouin’s ﬁxative for 4 h at room
temperature. Testes were rinsed several times in PBS followed by a
wash in PBS saturated with lithium carbonate for several hours.
Ovaries were ﬁxed in a solution of 3.65% formaldehyde, 80 mM
sodium phosphate pH 7.0. Tissues were dehydrated, embedded in
parafﬁn, and cut into 5 mM sections. For peroxidase staining,
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quenched by incubating in 3.3% hydrogen peroxide in distilled
water for 1 h. Antigen retrieval was then carried out by boiling in a
microwave for 5 min in 10 mM citrate buffer (pH 6.0). Sections
were blocked for 30 min in 1.5% goat serum (Vector S-1000) in PBS
and then incubated in primary antibody solution. Sections were
then washed with PBS and incubated in the appropriate biotiny-
lated secondary antibody. After washing in PBS, Peroxidase stain-
ing was carried out using the Vectastain ABC Kit (Vector PK-4000)
using diaminobenzidine (Vector SK-4100) as the substrate accord-
ing to the manufacturer’s protocol. Sections were counterstained
with hematoxylin. Fluorescent staining was carried out using the
same protocol except that the hydrogen peroxide incubation step
was omitted and the sections were counterstained with 1 mg/ml
4’,6-diamidino-2-phenylindole (DAPI, Sigma) in PBS.
Counting GCNA1(þ) and pS139-H2A.X(þ) cells
To count the number of GCNA1 positive cells, 1–2 testis
sections were scored per animal. Germ cells were counted in at
least 90 seminiferous tubules seen in cross section. To determine
the percentage of pS139-H2A.X(þ) germ cells, we scored 50–
300 germ cells from a single testis section from each animal.
Sections were counterstained with DAPI and germ cells were
identiﬁed by nuclear morphology. To avoid experimental bias,
testis sections were scored blindly.
X-gal staining
Whole testes were ﬁxed in 4% paraformaldehyde/PBS for 1 h at
4 1C and rinsed twice in b-galactosidase buffer (0.2 M sodium
phosphate (pH 7.3), 2 mM MgCl2, 0.02% NP-40 and 0.01% sodium
deoxycholate) for 30 min. They were then incubated overnight at
4 1C in b-galactosidase stain solution (b-galactosidase buffer plus
20 mM potassium ferricyanide, 20 mM potassium ferrocyanide,
and 1 mg/ml of 5-bromo-4-chloro-indolyl-b-D-galactopyranoside
(X-gal)). After staining, tissues were embedded in parafﬁn, cut in
5 mM thick sections, rehydrated, and counterstained with nuclear
fast red (Vector Laboratories).
Real time PCR
Whole testis RNA was isolated with Trizol reagent (Invitro-
gen). cDNA was synthesized using Taqman reverse transcriptase
according to the manufacturer’s protocol (Applied Biosystems).
Real time PCR was performed using Fast SYBR Green or Taqman
Fast Universal PCR Master Mix (Applied Biosystems) on the
Applied Biosystems 7500 Fast Real Time PCR System. RNA levels
were normalized to the level of either 18S ribosomal RNA (for
Geminin expression) or b-Actin mRNA (all other genes). Primer
sequences for Ngn3, Oct-4, Lin28, Plzf, Sohlh2, Kit and Beta-Actin
were previously described (Payne et al., 2010; Yoshida et al.,
2004). Primers and probes for Geminin and 18S rRNA were
designed using Primer Express software (Applied Biosystems).
Spermatogonial stem cell culture
Spermatogonial Stem Cell (SSC) cultures were established using
previously published methods (Kofman et al., 2012). Brieﬂy, testis
tubules were digested with collagenase, DNAse I, and hyaluroni-
dase to produce a single cell suspension. Thy1þ/GFRa1þ cells were
isolated using antibodies attached to magnetic beads, then cul-
tured on irradiated mouse embryonic ﬁbroblasts (MEFs). Colonies
of SSCs formed within 1–2 weeks, and were maintained in
optimized culture medium (StemPro-34 supplemented with 1%
FBS, 10 ng/mL GDNF, 10 ng/mL bFGF, 20 ng/mL EGF, 1000 units/mLESGRO/LIF) for 46 months, replenished with new medium every
other day.
Statistical analysis
P values for GCNA1 or pS139-H2A.X cell counts were calculated
using paired two-tailed Student’s t-tests, using littermates for
each pair. P values for RT-PCR were calculated using unpaired
two-tailed Student’s t-tests. P values for genotype distribution
were calculated using Pearson’s chi-squared test.Results
In gonads, Geminin is expressed exclusively in germ cells
We measured the abundance of Geminin RNA in different
mouse organs by quantitative real-time PCR (RT-PCR) and found
that Geminin is most highly expressed in the testis (Supplementary
Fig. S1A). To determine what types of cells express Geminin, we
raised polyclonal antibodies against recombinant mouse Geminin
and used them to stain adult testis sections. Germ cells were
identiﬁed by their nuclear morphology and their expression of
GCNA1, an antigen expressed in all spermatogonia, most sperma-
tocytes, and round spermatids (Enders and May, 1994). We found
that Geminin is highly expressed in late meiotic spermatocytes, but
not in spermatids, Sertoli cells, Leydig cells, or peritubular myoid
cells (Fig. 1). No staining was seen if the anti-Geminin antibody
was pre-incubated with recombinant Geminin or if nonspeciﬁc
rabbit IgG was substituted as the primary antibody (Fig. 1B). The
spermatocyte staining disappears when the Geminin gene is
deleted from spermatocytes (see Fig. 6, below), indicating that
the staining is speciﬁc for Geminin.
Using immunohistochemistry, we could not detect Geminin
protein expression in spermatogonia (Fig. 1K–N). Microarray
analysis of RNA from puriﬁed populations of different types of
mouse testicular cells has indicated, however, that Geminin is
highly expressed in both spermatogonia and spermatocytes
(Shima et al., 2004). We hypothesize that spermatogonia contain
Geminin RNA but not Geminin protein because most of them are
in G1 phase, a time in the cell cycle when the APC is active and
Geminin protein is destroyed by ubiquitin-dependent proteolysis.
By immunoblotting, we were able detect Geminin expression in
cultured spermatogonial stem cells (Supplementary Fig. S1B).
These cells might spend more time in S and G2 phase because
they are strongly stimulated to divide by growth factors in the
culture medium.
To conﬁrm our results, we also analyzed Geminin expression
in Xenopus laevis using antibodies raised against Xenopus Gemi-
nin (McGarry and Kirschner, 1998). When samples from different
organs were analyzed, we found that Geminin protein is most
abundant in the testis and in mature egg cells (Supplementary
Fig. S1C). Geminin could also be detected in Xenopus testis
sections by immunohistochemistry (Supplementary Fig. S1D).
The germ cells within the seminiferous tubules are organized
differently in frogs than they are in mice; clonally related germ
cells remain physically associated with each other in a cluster
called a spermatocyst (Supplementary Fig. S1D) (Kalt, 1976).
Spermatocysts exhibit heterogeneous Geminin expression. Gemi-
nin-expressing spermatocysts also stain with antibodies against
Serine139-phosphorylated Histone 2A.X (pS139-H2A.X), a marker
for meiotic spermatocytes (Supplementary Fig. S1E). pS139-H2A.X
accumulates at double-stranded breaks generated from homo-
logous recombination during meiosis (Mahadevaiah et al., 2001).
We did not detect any Geminin expression in elongated sperma-
tids within the tubular lumen.
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Fig. 1. Geminin is highly expressed in mouse spermatocytes. (A) Cross section of an adult mouse testis stained with anti-Geminin antibodies (green), and DAPI (blue).
(B) Cross section of a testis stained with nonspeciﬁc rabbit IgG as the primary antibody (green) and DAPI (blue). Scale bar¼100 mm. (C–F) Cross section of a single tubule
stained with anti-Geminin antibodies (green), anti-GCNA1 antibodies (red) and DAPI (white or blue). Scale bar¼50 mm. (G–N) Higher magniﬁcation. Sc, spermatocyte; St,
spermatid; Ser, sertoli cell and Sg, spermatogonium. Scale bar¼25 mm.
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cytoplasm of mouse spermatocytes even though it is predomi-
nantly a nuclear protein in most other types of cells (Benjamin
et al., 2004; Kroll et al., 1998; McGarry and Kirschner, 1998). This
cytoplasmic localization is speciﬁc to the mouse; Geminin is
mostly nuclear in both human and Xenopus spermatocytes
(Eward et al., 2004; Supplementary Fig. S1C). Cytoplasmic Gemi-
nin has previously been observed in chicken ﬁbroblasts and in
transfected cultured cells that over-express the protein (Benjamin
et al., 2004; Boos et al., 2006; Luo et al., 2007; Luo et al., 2004). In
these cells the protein is exported from the nucleus by Crm1-
dependent transport. No speciﬁc function has been ascribed to
cytoplasmic Geminin; its effects on replication and transcription
both require localization to the nucleus (Boos et al., 2006; Luo
et al., 2007).
Targeted deletion of Geminin from the germline
The mouse genome contains a single copy of the Geminin gene
(Gmnn), which is composed of 7 exons. We previously developed
a mouse strain carrying a ﬂoxed Geminin allele (Gmnnﬂ) in which
loxP sites ﬂank exons 5–7 (Shinnick et al., 2010). These exons
encode Geminin’s dimerization domain and Cdt1-bindingdomain, both of which are essential for its biological function
(Benjamin et al., 2004). Cre-mediated recombination through the
loxP sites deletes these exons and generates a Geminin null allele.
To delete Geminin from all germ cells, Gmnnﬂ/ﬂ mice were crossed
to mice that express Cre recombinase under the germ cell-speciﬁc
Vasa promoter. Vasa-Cre is expressed in the germ cells of both the
male and female mice beginning on embryonic day 12.5 (E12.5)
and continues throughout life (Gallardo et al., 2007). There is no
Vasa-Cre activity in the somatic cells of the ovary or testis
(Gallardo et al., 2007). Vasa-Cre-mediated recombination is ﬁrst
detected on E15 and is 95% complete by birth (Gallardo et al.,
2007).
Vasa-Cre/Gmnnﬂ/ﬂ males are sterile
Vasa-Cre/Gmnnﬂ/ﬂ males (hereafter referred to as Vasa-GmnnD/D
males) are born at the expected Mendelian frequency (Table 1)
and are indistinguishable from control Gmnn(þ) littermates in
size and overall health. To test their fertility, adult Vasa-GmnnD/D
males were mated with up to three Gmnnﬂ/ﬂ females for periods of
at least three weeks. No pregnancies resulted from these matings
(Table 2). As a control for female fertility, the same females were
mated with Vasa-Cre/Gmnnﬂ/þ littermates of the Vasa-GmnnD/D
Table 1
Viability of Vasa-Cre Gmnnﬂ/ﬂ mice.
Parents Offspring
Vasa-Cre Gmnn(ﬂ/ﬂ) Vasa-Cre Gmnn(ﬂ/þ) Gmnn(ﬂ/ﬂ) Gmnn(ﬂ/þ) P value (w2)
Vasa-Cre Gmnn(ﬂ/þ) #
Gmnn(ﬂ/ﬂ) ~
68 53 78 78 0.11
Table 2
Vasa-Cre Gmnnﬂ/ﬂ males are infertile.
Parents # of
matings
# of
litters
Pups/litter
(Avg.7S.D.)
P value
Vasa-Cre Gmnn(ﬂ/þ) #Gmnn(ﬂ/ﬂ) ~ 3 14 6.272.9 0.011
Vasa-Cre Gmnn(ﬂ/ﬂ) #Gmnn(ﬂ/ﬂ) ~ 3 0 0
Vasa-Cre Gmnn(ﬂ/þ) ~WT # 5 18 6.971.6 0.23
Vasa-Cre Gmnn(ﬂ/ﬂ) ~WT # 6 23 5.772.0
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with normal numbers of pups (Table 2). These results indicate
that Geminin is required for male fertility.
Vasa-Cre/Gmnnﬂ/ﬂ testes completely lack germ cells
To determine the cause of male infertility we ﬁrst counted the
number of epididymal sperm in control and Vasa-GmnnD/D mice.
Under direct microscopic examination, we never saw any sperm in
the samples from Vasa-GmnnD/Dmice while the samples from control
littermates contained numerous sperm (Fig. 2A). By ﬂow cytometry,
Gmnnþ epididymides contained an average of 1.4106 sperm
while Vasa-GmnnD/D epididymides contained virtually none (Fig. 2B).
At autopsy, the testes of Vasa-GmnnD/D mice were 6 times smaller
than those of control littermates (Fig. 2C). The seminal vesicles and
prostate appeared normal (not shown). Geminin protein was easily
detectable in lysates of control testes but could not be detected in
lysates of Vasa-GmnnD/D testes (Fig. 2D).
The overall architecture of Vasa-GmnnD/D testis was normal
but no germ cells were visible within the seminiferous tubules
(Fig. 2F). In contrast, the seminiferous tubules of control litter-
mates contained abundant germ cells of all stages (Fig. 2E). The
absence of germ cells was conﬁrmed by staining with an antibody
against GCNA1. The tubules of control adults had many
GCNA1(þ) germ cells, while Vasa-GmnnD/D tubules had none
(Fig. 2 G and H). The cells remaining in the Vasa-GmnnD/D tubules
had the typical appearance of Sertoli cells (Fig. 2H) and stained
with an antibody against Gata-4 (not shown), a Sertoli cell-
speciﬁc protein (Viger et al., 1998).
Vasa-GmnnD/D spermatogonia are lost during the ﬁrst wave of
spermatogenesis
We next sought to determine the point in development when
Vasa-GmnnD/D germ cells disappear. In male mice, primordial
germ cells (PGCs) migrate to the gonadal ridge and proliferate
there between E8.5 and E14.5 (Nagano et al., 2000; Vergouwen
et al., 1991). After this period the PGCs become enclosed by the
sex cords, cease proliferating, and remain mitotically quiescent
until shortly after birth (McLaren, 2000). The ﬁrst wave of
spermatogenesis initiates during the ﬁrst week of life and is
synchronous in all tubules. Around postnatal day 3–4 (P3–P4), the
male germ cells travel to the basement membrane of the
seminiferous tubule and resume mitosis (Costoya et al., 2004).Around P10 the ﬁrst meiotic spermatocytes appear and around
P21 the ﬁrst round spermatids appear (Naughton et al., 2006).
At P0 and P2, Vasa-GmnnD/D testes contain equivalent numbers
of spermatogonia as control testes (Fig. 3C–F, K). To show that Vasa-
Cre had been induced in these cells, we crossed Vasa-Cre/Gmnnﬂ/ﬂ
mice to Rosa26R-LacZ mice to generate mice with the genotype
Vasa-Cre/Gmnnﬂ/ﬂ/Rosa26R-LacZ. The Rosa26R-LacZ allele contains a
transcriptional/translational STOP cassette ﬂanked by loxP sites
inserted between the Rosa promoter and the b-galactosidase coding
sequence (Soriano, 1999). Vasa-Cre-mediated recombination
removes the STOP cassette and allows b-galactosidase expression,
which can be visualized by staining with the chromogenic substrate
5-bromo-4-chloro-indolyl-b-D- galactopyranoside (X-gal). At birth,
virtually all of the Vasa-Cre/Gmnnﬂ/ﬂ/Rosa26R-LacZ germ cells
expressed b-galactosidase (195/199; 98%), while none of the
Gmnnﬂ/ﬂ/Rosa26R-LacZ germ cells did (0/113; 0%) (Fig. 3A and B).
These results indicate that the Geminin gene had been deleted
before birth and that Geminin is not required to maintain sperma-
togonia during the period of mitotic quiescence.
Although Vasa-GmnnD/D spermatogonia are present at birth,
they immediately disappear as the ﬁrst synchronous wave of
mitotic proliferation commences. At P3 the number of germ cells
per tubule is signiﬁcantly lower in the Vasa-GmnnD/D tubules than
in controls (Fig. 3G–H, K); and by P4 the Vasa-GmnnD/D tubules
are virtually devoid of germ cells (Fig. 3I–K). In contrast, in control
littermates the number of GCNA1(þ) cells is constant between P0
and P3 and doubles between P3 and P4, suggesting that during
this interval the cells had divided about once on average (Fig. 3K).
We never observed any germ cells in the tubules of Vasa-GmnnD/D
mice at later ages, while the number in control tubules steadily
increased (Supplementary Figure S2 A–F). Spermatocytes (pS139-
H2A.X(þ) cells) had appeared in the tubules of control mice by
P14, but not in Vasa-GmnnD/D tubules (Supplementary Fig. S2
G–H). These results indicate that Vasa-GmnnD/D spermatogonia
permanently disappear during the very ﬁrst cell cycle and that
Geminin is absolutely required for the mitotic self-renewal of
spermatogonia.
Geminin-deﬁcient spermatogonia contain double stranded breaks
and do not enter mitosis
Vasa-GmnnD/D spermatogonia rapidly disappear at the time
when the quiescent spermatogonia re-enter the cell cycle, sug-
gesting that they succumb because of a cell cycle abnormality.
Because Geminin is known to prevent a second round of DNA
synthesis during S phase, it seems most likely that Vasa-GmnnD/D
spermatogonia die off because they over-replicate their DNA. The
extent of over-replication in the absence of Geminin is about 5%
per cell cycle (Kerns et al., 2007; Li and Blow, 2005). We found
that we could not determine the DNA content of individual
spermatogonia to this accuracy by measuring the DAPI ﬂuores-
cence of individual cells in tissue sections (not shown).
As a surrogate marker for re-replication, we tested whether
Vasa-GmnnD/D spermatogonia exhibited evidence of DNA damage.
In Xenopus embryos and in human cancer cell lines, Geminin
depletion leads to the generation of both single-stranded regions
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K.A. Barry et al. / Developmental Biology 371 (2012) 35–4640and double-stranded breaks (Kerns et al., 2012; McGarry, 2002;
Zhu et al., 2004). These are thought to arise from the stalling and
breakage of secondary replication forks at sites of re-initiation
(Kuzminov, 2001). To determine if Vasa-GmnnD/D germ cells
exhibited evidence of DNA damage, we stained testis sections
with antibodies to pS139-H2A.X. Following DNA damage, histone
H2A.X is phosphorylated on Serine-139 and accumulates at sites
of double-stranded breaks (Rogakou et al., 1998). At P0 there were
very few pS139-H2A.X(þ) germ cells in either Vasa-GmnnD/D or
control tubules (Fig. 4G). After P2, however, Vasa-GmnnD/D
tubules had a signiﬁcantly greater number of pS139-H2A.X(þ)
cells compared to controls, corresponding to the time when the
ﬁrst synchronous wave of mitosis begins (Fig. 4). These data
suggest that the Vasa-GmnnD/D spermatogonia are lost because
they suffer DNA damage. Although Vasa-GmnnD/D germ cells
express phosphorylated H2A.X, they do not express the meiosis-
speciﬁc protein Sycp3 (Supplementary Fig. S2I), excluding the
possibility that they had entered meiosis prematurely.
To see if Geminin-deﬁcient spermatogonia enter mitosis, we
stained P2 testis sections with an antibody against Serine-10-
phosphorylated histone H3, a marker of mitotic cells (Hendzel
et al., 1997; Supplementary Fig. S3). In control mice, about 15% of
the spermatogonia had entered mitosis at P2, while in Vasa-
GmnnD/D mice, virtually none of the spermatogonia had entered
mitosis. These data indicate that the Geminin-deﬁcient sperma-
togonia undergo a cell cycle arrest before they disappear.
Vasa-GmnnD/D spermatogonia maintain expression of genes
associated with the undifferentiated state
It has been proposed that Geminin maintains stem cells in an
undifferentiated state as they proliferate (Del Bene et al., 2004;
Luo and Kessel, 2004; Seo and Kroll, 2006). We next sought to
determine whether Geminin deletion alters the pattern of gene
expression in early spermatogonia in a way that would suggest
premature differentiation. At birth, the testis contains quiescentgerm cells that express markers of undifferentiated spermatogo-
nia, including Gfra1, Oct-4, Plzf, and Lin28 (Buaas et al., 2004;
Costoya et al., 2004; Kofman et al., 2012; Meng et al., 2000; Zheng
et al., 2009). We measured the expression of these genes in P2
testes, because Vasa-GmnnD/D mice have the same number of
spermatogonia as controls at this age. By RT-PCR, there was no
decrease in the expression of these genes in GmnnD/D testes
compared to controls at P2 (Fig. 5A, compare black and red bars).
At P4, expression of these genes was maintained in control testes
but was not detectable in Vasa-GmnnD/D testes (Fig. 5A, compare
gray and pink bars). Because Vasa-GmnnD/D testes contain very
few germ cells at P4, this result conﬁrms that expression of these
undifferentiated markers is germ cell-speciﬁc and serves as a
negative control for the experiment. We next determined
whether Vasa-GmnnD/D spermatogonia prematurely express genes
associated with more differentiated spermatogonia. As undiffer-
entiated spermatogonia mature they increasingly express Ngn3,
Kit, and Sohlh2 (de Rooij, 1998; Schrans-Stassen et al., 1999;
Suzuki et al., 2012; Yoshida et al., 2006). As expected, the
expression of all three of these genes increased in control testes
between P2 and P4 (Fig. 5B, compare black and gray bars). At P2,
we did not observe any increase in the expression of these genes
in Vasa-GmnnD/D testes compared to controls (Fig. 5B, compare
black and red bars). By P4, expression of Ngn3 and Sohlh2 was not
detectable in Vasa-GmnnD/D testes (Fig. 5B, pink bars), indicating
that expression is germ cell-speciﬁc. Kit expression was main-
tained, probably because this gene is also expressed in Leydig
cells (Manova et al., 1990). These data indicate that Vasa-GmnnD/D
spermatogonia maintain expression of genes characteristic of the
undifferentiated state and do not prematurely express genes
characteristic of more differentiated spermatogonia.
Geminin is not essential for meiosis or spermiogenesis.
Two proteins that bind to Geminin, Scmh1 and Brg1, are known
to be required for meiosis (Kim et al., 2012; Takada et al., 2007).
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K.A. Barry et al. / Developmental Biology 371 (2012) 35–46 41Because the spermatogonia of Vasa-GmnnD/D mice disappear so
early in development, we could not use them to determine
whether Geminin is also required for meiosis or spermiogenesis.To address this question, we crossed Gmnnﬂ/ﬂ mice to mice that
express Cre recombinase under the control of HspA2 promoter.
Hspa2-Cre is not expressed in spermatogonia, but is expressed in
spermatocytes beginning at the leptotene-zygotene stage
(Inselman et al., 2010). HspA2-Cre/Gmnnﬂ/ﬂ mice were born at the
expected Mendelian frequency (Table 3). They had 10-fold less
Geminin RNA in the testis than control littermates by RT PCR
(Fig. 6A), and the Geminin protein was undetectable by immuno-
blotting (Fig. 6B) or by immunohistochemistry (Fig. 6H, I). (The
staining of elongated spermatids seen in Fig. 6H and I was not
reproducible and appears to be nonspeciﬁc since it persists even
though the Geminin protein is undetectable by immunoblotting.)
These results indicate that the Geminin gene had been efﬁciently
deleted, and that expression of Geminin by post-leptotene sper-
matocytes accounts for virtually all of the total Geminin expres-
sion in the testis. In contrast to Vasa-GmnnD/D mice, adult HspA2-
Cre/Gmnnﬂ/ﬂ mice had normal sperm counts (Fig. 6C) and testis
sections from HspA2-Cre/Gmnnﬂ/ﬂ mice contained germ cells
of all types (Fig. 6D–G). Hspa2-Cre/Gmnnﬂ/ﬂ males are able to
father pups, although our preliminary studies suggest that they
may have decreased fertility compared to controls (not shown).
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K.A. Barry et al. / Developmental Biology 371 (2012) 35–4642These data indicate that even though Geminin is absolutely
required for mitotic proliferation of spermatogonia, it is not
essential for meiosis and spermiogenesis.Vasa-GmnnD/D females are fertile
To test our assertion that Geminin is only required for mitotic
proliferation of germ cells, we also analyzed the fertility of Vasa-
GmnnD/D females. By the time that Vasa-Cre mediated recombina-
tion begins at E15, about 93% of female PGCs have ﬁnished
mitosis and are arrested in prophase I of meiosis. In contrast to
Vasa-GmnnD/D males, Vasa-GmnnD/D females had normal fertility
when mated to WT mice. They produced the same number of
pups per litter as Vasa-Cre/Gmnnﬂ/þ littermate controls (Table 2),
and their fertility was maintained throughout at least the ﬁrst
year of life (Fig. 7A).
At autopsy, the ovaries of Vasa-GmnnD/D females appeared
histologically normal and contained a normal number of oocytes
(Fig. 7D). Deletion of the Geminin gene was conﬁrmed both by
IHC and by immunoblotting. Geminin antibodies diffusely stain
the oocytes of control mouse ovaries but do not stain the oocytes
in Vasa-GmnnD/D ovaries (Fig. 7C). The Geminin protein was easily
detected in ovarian lysates from control mice, but not in lysates
from Vasa-GmnnD/D mice (Fig. 7B). These results indicate that
Geminin is not required for meiosis in females or for oocyte
differentiation, and is consistent with our ﬁnding that Geminin is
required only for mitotic proliferation of germ cells. They alsoindicate that the maternal supply of Geminin is not required for
development of the mouse embryo.Discussion
The unstable regulatory protein Geminin is thought to balance
the self-renewal and terminal differentiation of stem cells (Luo
and Kessel, 2004; Seo and Kroll, 2006). Biochemical studies using
in vitro replication systems have clearly demonstrated that
Geminin can prevent a second round of DNA synthesis during
each S phase by binding and inhibiting the replication factor Cdt1
(McGarry and Kirschner, 1998; Tada et al., 2001; Wohlschlegel
et al., 2000). Over-expressing Geminin in early embryos can have
remarkable effects on cell fate through the binding and inhibition
of several different transcriptional regulators (Del Bene et al.,
2004; Luo et al., 2004; Seo et al., 2005). Despite these compelling
observations, it has been difﬁcult to demonstrate that Geminin
regulates either DNA replication or cell differentiation in vivo.
In this study we generated germ cell-speciﬁc knockout mouse
models to examine how Geminin regulates the division and
differentiation of stem cells in the testis. Our major ﬁnding is
that Geminin is absolutely required for the mitotic proliferation of
spermatogonia. GmnnD/D spermatogonia are maintained during
the period of mitotic quiescence before birth, but rapidly and
completely disappear at the time when mitosis resumes during
the ﬁrst week of life. As a result, adult Vasa-GmnnD/D males are
completely sterile and their seminiferous tubules contain only
Sertoli cells. Our data do not indicate whether Geminin is
required for mitotic proliferation of adult spermatogonia. Gemi-
nin is not essential for meiosis in males or for spermiogenesis,
even though it is highly expressed in spermatocytes. In contrast to
males, female mice with Gmnn(-/-) germ cells retain normal
fertility throughout their reproductive lifetime and their ovaries
are histologically normal. We hypothesize that Vasa-GmnnD/D
females retain fertility because mitotic proliferation of oogonia
is largely ﬁnished by embryonic day 14.5 (E14.5) and does not
resume after birth (Peters, 1970). In our Vasa-Cre-mediated
knockout mouse model the Geminin gene is not deleted until
E15, after the period of mitotic proliferation has ended. As in
males, Geminin is not essential for meiosis in females or for the
differentiation of oocytes into mature eggs.
In humans, Geminin is expressed in spermatogonia and
spermatocytes but not in oocytes (Eward et al., 2004). Based on
this expression pattern, it was postulated that Geminin might
prevent pre-RC formation during male meiosis but not female
meiosis. We ﬁnd that in the mouse Geminin is expressed in both
spermatocytes and oocytes. The reason for the difference between
the species is not clear. Our functional data indicate that Geminin
is not essential for meiosis in either sex. Preliminary data suggest,
however, that Hspa2-Cre/Gmnnﬂ/ﬂ mice may have reduced ferti-
lity compared to control littermates (not shown). These mice may
be less fertile because of illicit pre-RC formation during meiosis,
leading to subtle replication abnormalities. We are now testing
this possibility.
We found that deleting Geminin from spermatogonia had little
effect on their pattern of gene expression. They maintained expres-
sion of genes characteristic of stem cells and did not prematurely
express genes characteristic of more differentiated spermatogonia.
Studies of Geminin-deﬁcient mice have not yet convincingly
demonstrated that Geminin regulates cell differentiation. For
example, mice carrying a neuron-speciﬁc deletion of Geminin
appear to be neurologically normal, and cultured GmnnD/D neural
stem cells differentiate normally into neurons and glial cells
(Schultz et al., 2011; Spella et al., 2011). The pattern of differentia-
tion of GmnnD/D T-lymphocytes is also completely normal
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Table 3
Viability of Hspa2-Cre Gmnnﬂ/ﬂ mice.
Parents Offspring
HspA2-Cre Gmnn(ﬂ/ﬂ) HspA2-Cre Gmnn(ﬂ/þ) Gmnn(ﬂ/ﬂ) Gmnn(ﬂ/þ) P value (w2)
HspA2-Cre Gmnn(ﬂ/þ) #
Gmnn(ﬂ/ﬂ) ~
9 7 12 7 0.60
K.A. Barry et al. / Developmental Biology 371 (2012) 35–46 43(Karamitros et al., 2010). In contrast, deletion of Geminin from
hematopoietic stem cells causes a striking change in the pattern of
cell differentiation: the production of red cells virtually ceases while
the output of megakaryocytes increases about 10-fold (Shinnick
et al., 2010). Erythrocytes and megakaryocytes are derived from a
common progenitor cell (Akashi et al., 2000), and one possible
explanation of the data is that Geminin directly inﬂuences cell fate
in these progenitors.
Two proteins previously demonstrated to physically interact
with Geminin, Scmh1 and Brg1, are known to affect meiosis (Kim
et al., 2012; Takada et al., 2007). Scmh1D/D spermatogonia appear
to be normal, but Scmh1D/D spermatocytes exhibit abnormal
chromatin modiﬁcations and undergo frequent apoptosis starting
around P15 (Takada et al., 2007). Similarly, Brg1D/D spermatogonia
proliferate and differentiate normally but Brg1D/D spermatocytes
fail to complete synapsis, exhibit global alterations in histone
modiﬁcations, and undergo apoptosis (Kim et al., 2012). These
proteins and Geminin appear to act independently of each other
since they affect completely different stages of spermatogenesis.Our ﬁndings are most consistent with the model that Geminin
prevents over-replication of the DNA as spermatogonia divide
mitotically. The Vasa-GmnnD/D spermatogonia disappear about a
day before the number of spermatogonia in control littermates
doubles, suggesting that the Vasa-GmnnD/D cells are lost during
the ﬁrst cell cycle when proliferation resumes. We could not
directly demonstrate that the dying spermatogonia contained
excessive nuclear DNA because of technical limitations. When
Geminin is immunodepleted from Xenopus egg replication
extracts the extent of over-replication is only about 5% per cell
cycle (Kerns et al., 2007). We found that we could not detect such
a small difference by measuring DAPI ﬂuorescence in tissue
sections. We did, however, detect increased DNA damage in
Vasa-GmnnD/D spermatogonia compared to controls using anti-
bodies to Serine139-phosphorylated histone H2A.X, which accu-
mulates at double stranded breaks (Rogakou et al., 1998). Double
stranded breaks have been detected previously in Gmnn(-/-) cells
and are thought to form when secondary replication forks stall
and single stranded regions near the fork spontaneously fracture
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K.A. Barry et al. / Developmental Biology 371 (2012) 35–4644(Hara et al., 2006; Kuzminov, 2001). Although only a small
percentage of the genome may be damaged in Vasa-GmnnD/D
cells, even a small amount of damage can have devastating
consequences. In budding yeast cells, for example, a single double
stranded break is sufﬁcient to arrest the cell cycle (Sandell and
Zakian, 1993). We have also found that Vasa-GmnnD/D testes
contain far fewer mitotic cells than control testes, as determined
by staining with antibodies against the mitotic cell marker
phospho-Serine10 histone H3 (Fig. S3). The timing of the disap-
pearance, the evidence of DNA damage, and the failure of the cells
to enter mitosis all suggest that the spermatogonia are lost
because of a cell cycle catastrophe.
The hypothesis that Geminin is required to prevent over-
replication is supported by the phenotypes of other Gmnn(-/-)
model organisms. Geminin-deﬁcient Xenopus eggs divide mitoti-
cally until they reach the mid blastula stage then arrest in G2
phase after the 13th cell division (McGarry, 2002). The arrested
cells have a normal DNA content, but they show activation of the
Chk1-dependent DNA replication checkpoint and bypassing the
checkpoint allows cell division to continue. When Geminin is
immunodepleted from extracts made from these eggs, over-
replication within a single S-phase can be detected using den-
sity-labeling techniques (Kerns et al., 2007; Li and Blow, 2005).
These observations strongly suggest that the phenotype is caused
by over-replication. Gmnn(-/-) mouse embryos die at the early
blastula stage, as soon as the maternal supply of Geminin is
exhausted (Gonzalez et al., 2006; Hara et al., 2006). At the arrest
point, the Gmnn(-/-) cells had entered S phase but had not yet
entered M phase, and showed increased phosphorylation of
histone H2A.X on Serine-139 (Hara et al., 2006). Curiously, the
cells of Gmnn(-/-) embryos express trophoblast markers but not
ES cell markers (Gonzalez et al., 2006). These Gmnn(-/-) cells have
a markedly increased DNA content compared to controls, but
since trophoblast cells are normally polyploid this may not be
caused by over-replication within a single cell cycle. Gmnn(-/-)
Drosophila embryos die before hatching and exhibit an increased
number of mitotic ﬁgures with anaphase chromosome bridges
(Quinn et al., 2001). Anaphase bridges could form if the over-
replicated region included a chromosome’s centromere, allowing
it to form an attachment to both spindle poles. When C. elegansadults are treated with Geminin RNAi, about 25% of the F1
progeny are sterile and their gonads contain cytologically abnor-
mal gametes (Yanagi et al., 2005). The cause of the sterility has
not been characterized in detail. Most C. elegans intestinal cells
are binucleate, and in some Gmnn(-/-) cells these two nuclei are
connected by DNA-containing bridges. This appearance suggests a
chromosome segregation defect, as was observed in Drosophila.
Taken together, these studies strongly indicate that Geminin has a
physiological function in limiting the extent of DNA replication
in intact organisms.
In contrast to early embryonic cells and spermatogonia, other
types of Gmnn(-/-) stem cells display no obvious cell cycle or
replication defects. For example, cultured Gmnn(-/-) neural stem
cells have a normal proliferation rate, a normal DNA content, and
a normal distribution of cells in the various phases of the cell
cycle (Schultz et al., 2011; Spella et al., 2011). Similarly, Gmnn(-/-)
hematopoietic stem cells (HSCs) survive indeﬁnitely when serially
transplanted into irradiated hosts (Shinnick et al., 2010). Gmnn(-/-)
T lymphocytes do not over-replicate their DNA and appear to
proliferate normally in vivo (Karamitros et al., 2010). Similarly,
Gmnn(-/-) white blood cells have a normal DNA content in vivo
(Shinnick et al., 2010). In all these cell types re-replication is most
likely forestalled by redundant mechanisms that compensate for
the lack of Geminin, such as the ubiquitin-dependent proteolysis
of Cdt1 at the time of replication initiation (Arias and Walter,
2005; Kerns et al., 2007; Li and Blow, 2005; Maiorano et al., 2005).
Geminin may only be required when the cells are stressed to
divide rapidly; for example, when they are stimulated by growth
factors or when they repopulate the hematopoietic compartment
of an irradiated animal (Shinnick et al., 2010). The absolute
requirement for Geminin in mouse spermatogonia may reﬂect
an especially strict necessity to maintain genomic integrity in
germ cells, since transmission of damaged genetic information
through the germline would be detrimental to the survival of the
species.
Our results stand in contrast to classic studies showing that in
adult rats the most primitive (type As) spermatogonia are espe-
cially resistant to the effects of ionizing radiation and can
repopulate the testis after a single dose of X-rays has destroyed
more mature spermatogonia (Dym and Clermont, 1970).
K.A. Barry et al. / Developmental Biology 371 (2012) 35–46 45We hypothesize that the difference can be explained by the
proportion of actively cycling cells in the two experiments. In
adult mice, almost all type As spermatogonia are in G1 phase and
infrequently enter S phase. We hypothesize that when the cells
are slowly cycling there is sufﬁcient time to repair DNA damage
before replication and mitosis. During the ﬁrst synchronous wave
of spermatogenesis in neonates, however, virtually all the sper-
matogonia enter the cell cycle simultaneously in a short period of
time (Yoshida et al., 2006). We hypothesize that in rapidly cycling
Geminin-deﬁcient spermatogonia the repair mechanisms are
overwhelmed and the damage cannot be repaired in a timely
manner, resulting in cell death.Acknowledgments
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